Energy barriers for different moves of a single Rh adatom in the vicinity of steps on Rh(111) surface are studied with molecular statics. Interatomic interactions are modeled by the semi-empirical many-body Rosato-Guillope-Legrand potential. We systematically calculated barriers for descent of straight steps, steps with a kink and small islands as well as barriers for diffusion along the step edges. Descent is more probable on steps with a {111} microfacet and near kinks. Diffusion along a step with a {100} microfacet is faster than along a step with a {111} microfacet. We also calculated barriers for diffusion on several surfaces vicinal to Rh(111).
Introduction
Surface diffusion is the important process in many phenomena, in particular in crystal growth. The diffusion of single adatoms on stepped metal surfaces has been widely investigated both experimentally and theoretically in recent years. Energy barriers for adatom moves on a surface with steps or islands are not easily accessible by experiment but in the theory one can calculate energy barriers for elementary processes which can be relevant for explanation of growth experiments. The knowledge of the barriers can be afterwards utilized in the construction of a kinetic Monte Carlo model for study of dynamic processes.
The energy barriers for diffusion have been already calculated using molecular statics for various metals and different surface orientations. For example, in the case of fcc (111) surface there are calculations for Al [1, 2] , Ag [3] , Au [3] , Cu [4] , Ni [5] , Pt [6, 7] , Ir [8] . In most of these studies the semi-empirical potentials were used because of their simplicity allowing the systematic study of numerous possible processes. Comparable ab initio calculations demand much more computer power, therefore the number of processes to be taken into account must be considerably reduced.
Although it turns out that in the case of Pt(111) the semi-empirical potentials may be insufficient [6] , in many other studies the semi-empirical potentials lead to reasonable results and their application helped to at least qualitative understanding [10] (descent energy barriers for different island edges).
In this paper we contribute to this field by a study of diffusion on stepped Rh(111) surface. It was motivated by a recent STM experiment on unstable growth of Rh(111) [9] . We present here the systematic study of energy barriers for inter-layer transport as well as for diffusion along the step edges. We use the semi-empirical many-body Rosato-Guillope-Legrand (RGL) potential [11, 12] developed within the second moment approximation of tight-binding theory. With this potential we found the energy barrier for self-diffusion on flat Rh(111) surface in a good agreement with the experiment.
The paper is organized as follows. In Section 2 we briefly describe the model we use along with some computational details. In Section 3, we present results for different processes and geometries. Conclusions are given in Section 4.
Method
The simulations were done for finite atomic slabs with a free surface on the top, two atomic layers fixed on the bottom, and periodic boundary conditions in the two directions parallel to the surface. The slab representing the substrate of (111) surface was 11 layers thick with 448 atoms per layer. For diffusion along channels on the vicinal surfaces (311), (211), (331), (221) and (322) we used the systems of approximately 5000 atoms consisting of 19 to 44 layers, with 110 to 240 atoms per layer.
The equations of motion were solved using a leap-frog algorithm with a time step of 5 · 10 −15 s. We used the classical NVE ensemble and molecular-dynamics cooling method for molecular statics calculations of energy barriers. We have used the RGL potentials with interactions up to the fifth nearest neighbors [12] . The potential contains four parameters, A, ξ, p and q obtained by a fit to experimental data. Parameters for Rh were: A = 0.0629 eV, ξ = 1.660 eV, p = 18.450, q = 1.867. A conventional spherical cut-off with the cutoff radius of 6.4Å was used.
The energy barrier for a particular diffusion process was obtained by testing systematically various possible paths of an adatom. The path with the lowest diffusion barrier was chosen to be the optimum one, and the diffusion barrier, E d , was calculated as E d = E sad − E min where E sad and E min are the total energies of the system with the adatom at the saddle point and at the equilibrium adsorption site, respectively. We considered both the jump and exchange processes. The minimum energy path for jump diffusion was determined by moving an adatom in small steps between two equilibrium positions and by allowing the adatom to relax in a plane perpendicular to the line connecting two equilibrium positions. The rest of the atoms in the system were allowed to relax in all directions.
The energy barrier of the exchange mechanism was obtained by moving the surface atom, which was to be replaced, by an adatom with finite steps along the direction of exchange. This atom was allowed to relax in the plane perpendicular to the exchange direction at each step, whereas the other atoms, including the adatom, were allowed to relax in all directions.
Results

Flat surface
There are two experiments in which the energy barrier for self-diffusion on the flat Rh(111) surface was measured. In the field-ion-microscope (FIM) experiment [13] the barrier 0.15 ± 0.02 eV was found. Recently the value 0.18 ± 0.06 eV was obtained in the STM experiment [9] from the temperature dependence of island density. In our simulation we obtained 0.15 eV, which is in good agreement with the experiments. The results of previous molecular statics calculations are compared with experimental values in Table 1 .
Descent to the lower terrace
We studied descent of an adatom to the lower terrace from both types of steps on the (111) surface, i.e. , step A with {100} microfacet and step B with {111} microfacet. We performed calculations for several geometries: straight steps, steps with a kink, and also for a small island 3 × 3 atoms.
We considered both direct jumps of an adatom and exchange processes. For all considered geometries we systematically investigated all possible adatom jumps and pair exchange processes. There are many different processes to consider in particular for the kink geometry, depending on the initial and the final position of an adatom. Our results for straight steps and steps with a kink are summarized in Table 2 .
The energy barrier for direct jump from the upper to the lower terrace is 0.73 eV for straight step A and 0.74 eV for straight step B. We can see that the energy barriers for jumps are always larger than for exchange which are 0.47 eV and 0.39 eV for A and B step respectively. The presence of a kink decreases the barrier for jump to 0.57 eV on both steps.
There are various possibilities for exchange of an adatom with a step-edge-atom in the case of step with a kink. We consider four types of processes according to which step-edge-atom (denoted by rf1, rf2, rf3, or rf4) is pushed out (see Fig. 1 ). We call them exchange next to corner, exchange over kink I, exchange over kink II, and exchange next to kink. We consider all possible combinations of initial and final positions. For example, in the case of the exchange next to the corner (process: 3 → rf1) the adatom starts in the fcc site labeled by 3 and pushes out the edge atom rf1 (two possible paths of pushed edge atom are shown schematically in Fig. 1) .
We can see that the lowest barrier (0.24 eV) for inter-layer transport is for two exchange processes near a kink on the step B. These processes imply that the Ehrlich-Schwoebel barrier is only 90 meV. The barriers for exchange processes on the step A are significantly higher. Similarly as in the previous study [7] we verified that also for Rh(111) the barrier for descent off a small island is significantly lower than for a long step. For a 3 × 3 island, the minimal values were obtained for the exchange of the atom in the middle of the edge (0.43 eV for A-type edge and 0.24 eV for B-type edge). Fig. 2 shows the energy profile for diffusion along the edges of a large island. The structure in the middle corresponds to diffusion around the corner formed by two edges. The angle contained by the edges is 120 • . There is a small minimum just at the corner positions, the transport between two edges is asymmetric.
Diffusion along the step edges
We found that diffusion along the straight step of type A is faster (the barrier is 0.40 eV) than along the step of type B (the barrier is 0.81 eV). These results could be compared with the results of field-ion-microscope measurements on the (311) and (331) surfaces because these surfaces consist of narrow terraces with step edges of type A and B, respectively. Experimental values of the energy barriers for diffusion along the step edges are E 311 = 0.52 eV and E 331 = 0.62 eV [13] . However, one cannot expect that barriers obtained on the (311) and (331) surfaces will be the same as barriers along the step edges on the (111) surface, because the local geometry is different.
In order to have the direct comparison, we calculated the energy barriers also along steps on the (311) and (331) surfaces. In addition, we also trace the dependence of calculated energy barriers on the size of the terrace and performed calculations also for other vicinal surfaces with wider terraces: (211), (221), and (332). Results are summarized in Table 3 . We can see that there is a clear tendency with the decreasing distance between steps. In the case of the A-step the barrier is increasing, whereas for the B-step it is decreasing. We obtained the barriers 0.45 eV and 0.78 eV for diffusion along steps (311) and (331) surfaces, respectively. Calculated barriers are different from experimental values but there is qualitative agreement that E 311 < E 331 . Quantitative difference may be due to the additional surface interactions which are not taken into account by our potential.
Conclusion
Using the RGL potential we calculated the energy barrier for self-diffusion on the flat Rh(111) surface which is in good agreement with the experimental data. With the same potential, we systematically calculated energy barriers for descent of straight as well as rough steps on Rh(111). We found that the lowest energy barriers for descent to the lower terrace is for exchange process near a kink on step B.
We also calculated barriers for diffusion along step edges on Rh(111) surface and along step edges on several vicinal surfaces. We found that diffusion along the step A is faster than along the step B which is in qualitative agreement with the FIM experiment. We observed that these barriers are slightly affected by the step-step interaction. surface. The edge atoms undergoing exchange diffusion (rf1,...,rf4) and starting positions of an adatom (1,...,9) are shown. The atomic layers from the surface to the bulk (four topmost layers) are distinguished by different circle radii. Tables Table 1: Self-diffusion barriers E S (in eV) on flat Rh(111) surface, SCh -Sutton-Chen potential, LJ -modified Lennard-Jones potential Exp.
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